Abstract We present the first multi-instrumental results on the ionospheric response to the geomagnetic storm of 17-18 March 2015 (the St. Patrick's Day storm) that was up to now the strongest in the 24th solar cycle (minimum SYM-H value of À233 nT). The storm caused complex effects around the globe. The most dramatic positive ionospheric storm occurred at low latitudes in the morning (~100-150% enhancement) and postsunset (~80-100% enhancement) sectors. These significant vertical total electron content increases were observed in different local time sectors and at different universal time, but around the same area of the Eastern Pacific region, which indicates a regional impact of storm drivers. Our analysis revealed that this particular region was most concerned by the increase in the thermospheric O/N 2 ratio. At midlatitudes, we observe inverse hemispheric asymmetries that occurred, despite the equinoctial period, in different longitudinal regions. In the European-African sector, positive storm signatures were observed in the Northern Hemisphere (NH), whereas in the American sector, a large positive storm occurred in the Southern Hemisphere, while the NH experienced a negative storm. The observed asymmetries can be partly explained by the thermospheric composition changes and partly by the hemispherically different nondipolar portions of the geomagnetic field as well as by the IMF By component variations. At high latitudes, negative ionospheric storm effects were recorded in all longitudinal regions, especially the NH of the Asian sector was concerned. The negative storm phase developed globally on 18 March at the beginning of the recovery phase.
Introduction
Ionospheric storm is a common term that describes the entirety of ionospheric variations induced by geomagnetic disturbances. The ionospheric storms primarily occur as a consequence of a sudden input of solar wind energy into the magnetosphere-ionosphere-thermosphere system. The onset of a geomagnetic storm, when the interplanetary magnetic field (IMF) B z component turns southward and strengthens, is marked by (1) largely reinforced auroral particle precipitation and (2) enhanced high-latitude ionospheric currents and convection lasting several hours. As a consequence, the Joule heating and ion-drag forcing, along with the increased high-latitude ionization and penetration of electric fields to low latitudes, significantly affect the global dynamics and structure of the thermosphere and ionosphere. The thermosphere heats and expands, causing storm time neutral winds and generating traveling atmospheric disturbances (TADs), which led to the global changes in the composition and dynamics of both the ionosphere and thermosphere. This, in turn, is the cause of both increases and decreases in electron plasma densities and total electron content (TEC), which are also known as positive and negative storms [Prölss, 1995; Richmond and Lu, 2000; Förster and Jakowski, 2000; Mendillo, 2006; Danilov, 2013] . The negative storms are primarily explained by a decrease Foster and Coster, 2007; Goncharenko et al., 2007; Astafyeva, 2009b Astafyeva, , 2009a Lu et al., 2012; Balan et al., 2011; Lei et al., 2014; . In this paper, we use ground-based GPS receivers, those on board the three Swarm, the Gravity Recovery and Climate Experiment (GRACE), and the TerraSAR satellites, as well as the Swarm in situ measurements to study the ionospheric response to an intense geomagnetic storm that occurred on 17-18 March 2015.
Geomagnetic Storm of 17-18 March 2015: St. Patrick's Day Storm
The storm commenced on St. Patrick's Day, 17 March 2015, with the arrival at Earth of a coronal mass ejection at 04:45 UT. The sudden storm commencement (SSC) was marked by a sharp increase in the solar wind speed and pressure as shown in the high-resolution (5 min) OMNI data set provided by the Goddard Space Flight Center ( Figure 1a ). We note that we had to apply a correction of the time delay that has been estimated as the arrival time at the bow shock nose in the OMNI data set. We shifted Figures 1a-1c by +15 min (toward later arrival) in order to match it with the SSC time observed globally by ground-based magnetometers. According to a statistical study of Case and Wild [2012] , a 15 min error is within the error bars of delay time differences that have been obtained independently by cross-correlation estimations with ACE and Cluster observations. We also have to take into account the propagation time of the coronal mass ejection (CME) shock front changes from its arrival time at the bow shock nose to the location of observation by magnetometers on ground level, which can be estimated to be of the order of~5 min [Villante et al., 2004 ] out of the 15 min time shift. The additional time shift correction might be due to the breakdown of the "planar phase front" assumption at the solar wind CME shock front that is used for the OMNI data delay time estimates (http://omniweb.sci.gsfc.nasa.gov).
The main phase of the storm began at~07:30 UT on 17 March, when the interplanetary magnetic field (IMF) B z component turned southward for the first time and the SYM-H index started to gradually decrease (Figures 1c and 1e ). Shortly after, the IMF B z turned northward for~40 min and redropped negative at 08:30 UT. It was positive again from 10:10 UT to 12:20 UT and prompted a small short time increase in SYM-H. From 12:20 UT, the IMF B z turned again southward for a longer time and remained that until the next day. Consequently, the SYM-H continued to decrease and reached its minimum excursion of À233 nT at 22:45 UT on 17 March (Figure 1e ). Then a long recovery phase started. The planetary Kp index counted its maximum of 8À from~12 UT to 24 UT with an intermediate value of 7+ at 18-21 UT on 17 March (Figure 1e ). This storm, therefore, was the strongest in the 24th solar cycle at that time.
To understand the energy that enters into the magnetosphere during solar wind-magnetosphere coupling, we analyze variations of the combined polar cap index PC (Figure 1d ). One can see the first increases of Figure 2 . Instruments and data used in this work. Brown pentagons indicate the positions of the ground-based GPS receivers used to plot the meridional chains of VTEC in the American, European, and Asian regions; black triangles indicate positions of ground-based ionosondes. Colored curves correspond to the satellite passes at 01-02 UT on 18 March 2015: magenta, TSX; orange, GRACE; green, Swarm C; blue, Swarm B; brown, GUVI; and red-Jason-2. The background color shows values of the VTEC as calculated from the GIM by CODE for 01 UT on 18 March; the corresponding color scale is shown on the right. [Troshichev et al., 1988 [Troshichev et al., , 2006 .
Data and Methods Used
To study the ionospheric response to the St. Patrick's Day storm, we used the following set of instruments ( Figure 2 and Table 1 ):
1. From data of ground-based GPS receivers, it is possible to calculate the slant ionospheric total electron content (TEC), which is equal to the number of electrons between a receiver on the ground and a GPS satellite at 20,200 km of altitude [e.g., Hofmann-Wellenhof, 2001] . In order to obtain values of the vertical TEC (VTEC) above single GPS receivers, the initial slant TEC data series were further processed into the absolute VTEC by simple geometric factor; the diurnal VTEC variation were further calculated from VTEC series from all visible satellites during 24 h [e.g., Zakharenkova and Astafyeva, 2015; Zakharenkova and Cherniak, 2015] . In addition, in order to have a global overview of the VTEC behavior during the geomagnetic storm of 17-18 March 2015, we used 1 hr resolution global ionospheric maps (GIM) calculated by the Center for Orbit Determination in Europe (CODE), University of Bern from data of~150 ground-based GPS receivers located worldwide [Christensen et al., 2003] . GUVI measures a narrow swath below the satellite at 625 km altitude, so that a global picture is accumulated from 14.9 daily orbits. On the 17-18 March storm days, the satellite crossed the equator at~9.8-10.2 LT during its daytime spectral observations. 7. The dual-frequency satellite radar altimeter Jason-2, flying at a circular orbit at 1336 km altitude, with an inclination of 66°(http://www.aviso.oceanobs.com/en/missions/index.html), provides data of the VTEC between the water/ocean surface and its orbital altitude [Imel, 1994] . In addition to the VTEC data beneath the satellite, we calculate VTEC by using data from the GPS receiver on board the Jason-2 satellite. The latter can be calculated everywhere (including above the continents) along the satellite pass and provides information about changes in the upper topside ionosphere-plasmasphere (above 1336 km). During the March 2015 storm, the satellite Jason-2 crossed the equator at~14.5 LT (ascending) and~2.5 LT (descending).
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4. Observations
Global Overview of the Storm Time VTEC Behavior
In order to get an idea about the global dynamics of the ionospheric plasma during the 17-18 March 2015 geomagnetic storm, we first take a look on 1 h resolution global maps of VTEC obtained from GIM by CODE (Movie S1 available as supporting information, upper panel) and on differential VTEC maps calculated as difference between the current VTEC value and the 7 day median VTEC (lower panel in Movie S1). Journal of Geophysical Research: Space Physics
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Following the beginning of the main phase at~07:30 UT, the first storm time VTEC enhancement started to appear in the Northern Hemisphere (NH) from 09 UT, as can be clearly seen from the differential maps (lower panel). During the next 3 h, the dayside VTEC further increased at midlatitudes in both hemispheres. At 13 UT, the storm time VTEC increase became less significant, and at 14 UT we observed a decrease in the differential VTEC localized around low latitudes and in the premidnight (~22-23 LT) sector. Starting from 15-16 UT, and following the second persistent negative IMF B z event during the St. Patrick's Day storm (Figure 1 ), a new wave of storm time VTEC changes arrived and lasted until the next day. At 16-17 UT, positive VTEC deviations of up to 70 TECU were observed throughout all latitudes on the dayside. At 18 UT, depletions can be seen over north of North America that extended further southward and intensified from 19 UT onward. From 21 UT on March 17 to 05 UT on March 18, we see a clear hemispheric asymmetry in the dayside storm time VTEC deviations: a strong negative storm in the NH and a strong positive storm in the Southern Hemisphere (SH) over South America. From 06 UT of 18 March, the positive VTEC storm was mostly localized around low latitudes. It lasted until~12-13 UT. A strong negative storm started to occur at low and midlatitudes of the NH from 01-02 UT on March 18, and surprisingly, it was localized in the prenoon-afternoon sector (~11-15 LT). This negative VTEC deviation further extended toward midlatitudes, in particular, to the SH and occupied a larger longitudinal sector on the dayside. From 15 UT, negative storm effects prevailed, being much stronger at the SH midlatitudes (11-22 UT) as compared to the NH, and by~23-24 UT on 18 March the storm time effects were less significant. We note that during this storm the differential VTEC reached quite high values: ±68-72 TECU. The absolute VTEC reached a maximum of 120 TECU at low latitudes during the main phase of the storm.
The GIM can be very useful to understand the first preliminary overview of the storm time ionosphere redistribution. However, it is known that in the GIM the error in the VTEC estimation can be quite significant under certain circumstances, especially over the oceans, where only a few ground-based GPS receivers are located 3a-3c ). In the Asian sector, the VTEC increases at low latitudes shortly after the beginning of the storm at 04:45 UT on 17 March, i.e., at local noon time. At midlatitudes, the small and short-term VTEC increase was followed by a decrease from~14 UT. At high latitudes, no changes occurred with the storm onset, and from~20 UT a negative storm commenced (Figure 3c ). In the European-African sector, an asymmetrical response is observed. At low and midlatitudes of the NH, a positive storm occurred from 08 UT over all the daytime and evening hours until midnight. At the same time, at equatorial latitudes and in the SH, no storm time changes, or very small and short-term TEC increases were recorded (Figure 3b ). On the contrary, in the American sector, at high and midlatitudes of the NH, a very small short-term increase occurred at~17-19 UT (near local noon); this small enhancement was followed by a strong negative storm that further lasted all day of 18 March. At low latitudes, the storm time TEC started to increase close to sunrise in this sector at~14 UT, and with~30-80% it exceeded the quiet time level. This increase further lasted until~08 UT of the next day. The largest TEC value of 100 TECU was recorded by the MGRP receiver at~17 UT. At high latitudes and midlatitudes of the SH, a smaller VTEC increase was observed at 17-23 UT. We point out that at midlatitudes we observe inverse north-south asymmetries in the TEC response in different longitudinal sectors: in the European-African sector, a positive storm was observed in the NH, and almost no storm time changes in the SH, whereas in the American sector, a negative storm occurred in the NH and a positive in the SH. At the same time, at all regions, the high latitudes seemed to experience a negative storm. This negative storm further developed on the second storm day (18 March), when it descended toward middle and even low latitudes (Figures 3a-3c ). The negative storm effect appears to be the strongest in the Asian sector (Figure 3c ).
Jason-2 provides VTEC measurements in the range 0-1336 km over the oceans, which is supplementary to the ground-based stations. Figure S1a shows that in the~14.5 LT sector the storm time VTEC increase reached~25-30% at 20.5-23 UT (tracks 1 and 2); at 02-04 UT on 18 March the VTEC beneath 1336 km decreased by~10-40% (tracks 3 and 4). Also, we notice the inverse hemispheric asymmetries in the European-African and American sectors during the satellites' passes in these regions, similarly to the ground-based observations.
Journal of Geophysical Research: Space Physics
10.1002/2015JA021629
The VTEC measurements from the ground-based GPS receivers and those beneath Jason-2 are in good agreement with the results from ground-based ionosondes (Figure 4) , which means that the observed effects equally concern the ionospheric F layer dynamics and the topside ionosphere, at least locally above the GPS receivers and ionosondes. At the same time, one can also notice gaps in the data of the ionosondes, which occurred due to several reasons. For the South American stations, the determination of the critical frequency of the F 2 layer was difficult due to the presence of an intense spread F, which is a commonly known feature at low latitudes, especially during geomagnetic disturbances and in the evening time [e.g., Abdu, 2012] . For the midlatitude stations of the NH the data gaps are due to the total/partial absence of the reflecting echoes in the ionograms. Such kind of fade-out effect can be related to a significant decrease of the F 2 region electron density and/or to an increase in the ionospheric plasma turbulence and D layer absorption, which is often observed during the negative phases of geomagnetic storms [e.g., Lynn et al., 2004; Sojka et al., 2004] . For instance, at the Millstone Hill station such conditions were set for a very long time: from 23 UT on 17 March till 11 UT on 18 March (Figure 4a ). This is in line with our observations of very long lasting negative effects.
TEC is an integral parameter equal to the number of electrons along a line of sight from 0 km (for groundbased GPS receivers) up to~20,200 km (GPS satellites orbit); it is impossible to know the exact altitude of the observed ionospheric disturbances. However, it is generally accepted that the maximum contribution to the TEC is governed by the ionospheric F 2 layer, with approximately 2/3 of the TEC coming from regions above the ionization maximum, which is known as the topside ionosphere [e.g., Mendillo, 2006] . It has recently been demonstrated that in some cases the F layer and the topside ionosphere may not react in the same manner during geomagnetic storms [Yizengaw et al., 2006; . These examples show the importance of a more detailed analysis of the ionospheric response at different altitudes.
For this purpose, we analyze data of VTEC from satellite observations allowing sounding of the topside ionosphere. Those will, in addition, fill out data gaps over the oceans, where no ground-based instruments can be installed. Below we analyze separately the storm time variations in the topside ionosphere in different longitudinal sectors. Figure 5 shows variations of vertical TEC measured during the 2 days of the storm by the GPS receivers on board the TSX and GRACE satellites, which passed in close-by local time sectors (equator crossing time ~17.6 LT and 18.00 LT, respectively, see Figure 2 ) but at different altitudes (~520 km and~410 km, respectively). One can notice that the VTEC distribution is slightly different in the data of these two satellites, which is, most likely, due to the~110 km of difference in altitude. From~08-09 UT, a small VTEC enhancement up tõ 35-40 TECU in the low-latitude region was observed in both data; however, the effect appeared to be stronger and more latitudinally extended in GRACE data (Figure 5b ). At~13-15 UT the VTEC above both satellites decreased to the undisturbed level of~20 TECU (above TSX) and 30 TECU (above GRACE). Starting from 16 UT, and following the second IMF B z negative turning, the low-latitude topside VTEC increased again. From the TSX measurements, the largest topside VTEC increase up to 55-60 TECU was observed from~22 on March 17 to~2 UT of the next day (Figure 5a ). Compared to the quiet time VTEC values (shown only for the selected orbits 1-4 in Figures 5a (right) and 5b (right) as thin lines), the storm time contribution abovẽ 520 km is estimated as a 100-150% increase within the area of the equatorial ionization anomaly (EIA). The EIA showed a double-peak structure (Figure 5a (right) ), most likely, indicating a short-term action of the equatorial electric fields. One can also notice that at midlatitudes the storm time VTEC increase reached 80-100% in both hemispheres. In the GRACE measurements, the largest enhancement was also observed from~20:45 UT on 17 March to 01:30 UT of the next day (Figure 5b ). During this time, the VTEC above GRACE first largely increased in the SH (track 1 in Figure 5b ). From 22 to 24 UT, a storm time enhancement of~80% was observed at low latitudes and midlatitudes (Figure 5b , panels on the right). From 01:30 UT onward, the midlatitude and low-latitude VTEC started to decrease at both height ranges.
Response of the Topside Ionosphere in the Evening and Postsunset Sectors
Overall, in this local sector, we observe higher storm time increase at midlatitudes in the SH, which is in line with our ground-based observations.
To investigate the storm time behavior of the topside ionosphere in the dusk and postsunset regions, we analyze VTEC data of the Swarm C and Swarm B satellites, which covered the~19.7 LT and~21.2 LT regions, respectively ( Figure 6 ). Similarly to the GRACE and TSX observations, the first small storm time VTEC enhancement was observed shortly after the storm onset at both altitudes and in both longitudinal regions. As in the evening sector, the strongest storm time effect in the VTEC was observed when the satellites passed over the One can also notice that besides the low latitudes, the storm time effects in this region significantly touched the midlatitudes of the SH in particular, so that the effects are not hemispherically symmetrical. For instance, above 460 km (19.7 LT, Swarm C), the~100% TEC enhancement at midlatitudes appeared from 23 UT (Figure 6a (right) ), while above 510 km (21.2 LT, Swarm B), the storm time TEC~60% exceeded the quiet time levels (Figure 6b (right) ). In the 21.2 LT local sector, the signatures of the topside TEC enhancement lasted somewhat longer than in the evening and dusk sectors.
Starting from~03 UT on 18 March, and when all satellites sounded the Asian-Australian region, the VTEC decreased dramatically at all latitudes. All these satellite measurements in the evening sector confirm our observations from ground-based instruments, including the hemispheric asymmetries: in the European region, a positive storm prevails at midlatitudes in the NH, and a small negative storm can be seen at high latitudes. The situation changes when the satellites approach the Atlantic and American regions, where a stronger positive effect in the SH is observed.
In addition to the VTEC data from the Swarm satellites, here we use in situ electron density (Ne) data measured by the LP of the Swarm satellites (Figure 7) . One can see that in both the evening (Figure 7a ) and the postsunset (Figure 7b ) sectors, the storm time Ne behavior is quite similar to that of the VTEC: we observe 
Response of the Topside Ionosphere in the Morning Sector
The descending passes of the Swarm, GRACE, and TSX satellites sounded the morning sector. No significant effects were observed in data of GRACE (~5.6 LT) and TSX (~06 LT) (not shown as a separate figure) . In the meantime, the descending passes of Swarm B and Swarm C satellites crossed the equator at~9.2-9.25 LT and at~7.6-7.8 LT, respectively, and showed that the effects of the St. Patrick's Day storm were extended at least until these local time sectors (Figures 8a and 8b) . However, contrary to our observations in the evening and postsunset sectors, the maximum VTEC increase in the morning sector was observed from~15 UT on 17 March, which is earlier than in the evening sector, where the maximum effects occurred starting from 23 UT. Figure 8a demonstrates that at~15-17 UT the VTEC above 460 km of altitude 3 times exceeded the quiet time level (track 3 on Figure 8a ). An even stronger VTEC increase was observed over the Swarm B satellite in the~9.2-9.25 LT local sector, above 510 km of altitude: from 16 to 19 UT the topside VTEC storm time deviation reached~150-350% (Figure 8b ). The in situ data of electron density show much stronger effects in the electron density at 460 km and 510 km of altitude (Figures 7c and 7d) . One can also notice that in data of Swarm B the storm time VTEC and Ne increases at 16-17 UT are much larger in the NH than in the SH, which is different from our observations in the evening and postsunset sectors.
We note that in the data of both satellites, the VTEC and also the Ne increases are observed when the satellites cross the Eastern Pacific region (90°W ÷ 120°W), which is close to the region of the maximum of the storm time VTEC increase observed by the Swarm B and Swarm C satellites in the postsunset sector from 22 UT on March 2015 (50°W ÷ 90°W) ( Figure 6 ) and by the GRACE and TSX satellites in the evening sector (À60°W ÷ À110°W) ( Figure 5 ). Jason-2 measurements in the afternoon sector (~14.5 LT) also showed stronger storm time effects around the American and Pacific regions ( Figure S1 ). Moreover, VTEC data above the Jason-2 satellite (i.e., above 1336 km) also mark this particular region as the most perturbed ( Figure S1b ). These observations, most likely, indicate a regional impact of storm drivers leading to the occurrence of a positive storm in this particular region but independently on the local time sector of observations.
Discussions and Conclusions
The 17-18 March 2015 St. Patrick's Day storm was the largest up to date geomagnetic storm in the 24th solar cycle. Kamide and Kusano [2015] note that this storm occurred without significant precursory X-or M-type solar flares and owed its enhanced magnitude to the superposition of two successive, moderate storms, driven by two successive, southward IMF structures (as seen in Figure 1 ). Our observations presented here, both ground-based and space-borne, clearly demonstrate the response of the ionosphere to these two IMF B z negative events. However, while the response to the first short time storm appeared as a short-term positive effect (VTEC increase) at low latitude and midlatitudes on the dayside, the second IMF B z event lasted longer and caused more complex effects, including both positive and negative phases throughout all latitudes:
1. In the topside ionosphere, the strongest storm time changes were observed particularly around the Eastern Pacific and American regions, at~15-17 UT in the morning sector and at~23-02 UT in the postsunset sector. During these moments of time, the topside VTEC in the postsunset sector reached 45-60 TECU, which is~80-100% more than under quiet conditions, whereas in the morning sector 100-150% VTEC enhancement was observed. The in situ measurements of electron density from Swarm B and Swarm C satellites showed even stronger storm time effects, with a maximum of 280% Ne enhancement in the morning sector (Figure 7 ). These results demonstrate a significant ionospheric uplift over at least 460-510 km of altitude in both the postsunset and morning sectors or an occurrence of an additional ionospheric F 3 layer [Bailey et al., 1997] . One can also notice other signatures of the EIA development and reinforcement, such as poleward traveling of the EIA crests and the overall enhancement of the ionization within the EIA crests [i.e., Tsurutani et al., 2004; Astafyeva, 2009b Astafyeva, , 2009a Balan et al., 2011] . This might point to the presence of the storm timeenhanced electric fields either from prompt penetration [e.g., Huang et al., 2005] or those driven by the dynamo action of neutral winds [e.g., Blanc and Richmond, 1980] . However, smaller storm time dayside VTEC changes in the afternoon sector (from Jason-2 data) together with strong effects in the morning and evening sectors might indirectly confirm the presence of a strong disturbance Journal of Geophysical Research: Space Physics 10.1002/2015JA021629 dynamo effect during the St. Patrick's Day 2015 storm. It is known that the disturbance dynamo introduces a downward drift on the dayside (and weakening the dayside EIA) and an upward drift on the nightside (and strengthening the EIA on the nightside). 2. In both bottomside and topside results, we observe hemispheric asymmetries in the ionospheric VTEC response: in the European-African sector, positive storm signatures appeared at midlatitudes in the NH, whereas in the American sector, a large positive storm occurred in the SH, and the NH experienced a negative storm. Such hemispheric asymmetries are usually attributed to seasonal variations, for instance, negative effects often occur in the summer hemisphere and positive effects preferentially occur in the winter hemisphere [e.g., Prölss, 1995; Fuller-Rowell et al., 1996; Goncharenko et al., 2007; Danilov, 2013] .
The seasonal effects occur due to storm time thermosphere variations, when the storm-induced circulation is superimposed on the normal seasonal circulation from summer to winter. As a result, in the summer hemisphere the perturbations can be easier transported to middle and low latitudes than in the winter one. However, considering that the St. Patrick's Day storm occurred only 3 days before the spring equinox, when the seasonal impact was supposed to be minimal, our observations are puzzling and point on the existence of other drivers than purely seasonal impact. 3. Approximately 3 h after the beginning of the recovery phase, a large negative storm was observed in all longitudinal sectors at high latitude and midlatitude and at low latitude in the Asian region. These very large negative storm effects persisted for several days following the storm throughout the globe, except for the low-latitude regions in the European-African and American sectors, where a positive storm was observed at the beginning of the recovery phase.
In terms of the main storm drivers, a decrease in the ionospheric parameters (negative storm) is usually explained by the composition changes, whereas a storm time increase (positive storm) was reported to result from several competing physical processes. These comprise composition changes [e.g., Zhang et al., 2004; Crowley et al., 2006] , penetration of electric fields [e.g., Huang et al., 2005] , disturbance dynamo electric fields [Blanc and Richmond, 1980] , thermospheric winds [e.g., Balan et al., 2011] , or a combination of those. The neutral composition changes occur due to the high-latitude atmospheric heating at the beginning of the storm, which initiates neutral circulation from pole to equator and causes upwelling of the molecular rich neutral gas into the upper thermosphere [e.g., Prölss, 1995; Fuller-Rowell et al., 1994 , 1996 . Further, since the ionospheric ion density loss is proportional to the molecular concentration, an increase of the molecular mass causes a negative storm while a decrease in the mean molecular mass provokes an increase in the ionospheric density [e.g., Fuller-Rowell et al., 1996; Richmond and Lu, 2000] .
In order to understand the composition changes during the March 2015 storm, here we examine the thermospheric column integrated O/N 2 ratio changes measured by the GUVI instrument on board the TIMED satellite in the~9.8-10.2 LT sector (Figure 8c ). One can see that the American, Pacific, and partly Asian regions were the most concerned by the storm time composition changes: we observe a significant decrease in the O/N 2 ratio at high latitudes and midlatitudes (down to ±30°of geographic latitude) over North America and the North and South of Pacific Ocean. At the same time, the low latitudes within the Pacific region experienced an increase in the O/N 2 ratio as was measured by the GUVI at 17-23 UT on 17 March (Figure 8c ). The composition changes were most pronounced in the Asian region (~100-130°E) and above Australia and reached low latitudes in the Asian sector; the O/N 2 ratio further remained decreased at high latitudes to midlatitudes in both hemispheres and remained increased in the equatorial and low-latitude regions on 18 March. Comparison of Figures 3-8 leads us to the conclusion that the neutral composition changes were, most likely, responsible for the observed negative storm at high latitudes, as well as at midlatitudes in the North American and Asian regions, observed during the 2 days of the storm. One can also notice that the above-mentioned region of the maximum VTEC response in the topside ionosphere (the Eastern Pacific and Western American) corresponds to the region where the O/N 2 ratio increased.
The variations in the O/N 2 ratio seemed to introduce, at least partly, the north-south asymmetry observed in VTEC data in the American sector (Movie S1 and Figure 3 ). In the meantime, at European-African longitudes no hemispheric asymmetry in the O/N 2 ratio is observed (Figure 8c ), whereas our observations clearly showed that at~18-23 UT on 17 March the VTEC increase in the NH was much stronger than in the SH. Therefore, the observed positive storm effects, and especially the hemispheric asymmetries, require more sophisticated means of analysis and detailed enquiries.
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One of the factors impacting the hemispheric asymmetry can be the asymmetry in the geomagnetic field, its nondipolar portions that affect the NH and SH differently. It results in differences between the geographic and the geomagnetic coordinates in the NH and SH as different magnetic flux densities and patterns and about twice as large offsets of the invariant magnetic pole to the geographic pole in the SH compared to the NH. The magnetic flux density within the NH polar region is smaller than in the SH. This results likewise in an on average larger momentum transfer between the ions and the neutrals at the NH compared with the SH [Förster and Cnossen, 2013] , which could consequently produce differences in the storm time circulation and stronger ionospheric response in the NH. These asymmetries depend of course also on the conductivity patterns at high latitudes that vary with season and the UT phase (geomagnetic tilt angle) but also on various precipitation patterns that are particularly strong during geomagnetic storms. All this could have influenced the development of the stronger NH VTEC increase observed at midlatitudes of the European sector.
Besides, the IMF parameters could prove as a further driver to induce hemispheric asymmetries: recently, it has been shown that the amplitude and direction of the IMF B y components can play a role in the development and strength of the thermospheric and ionospheric storms, as well as in the "symmetry" of the storm time behavior at high latitudes [Laundal and Østgaard, 2009; Crowley et al., 2010; Förster et al., 2011; Mannucci et al., 2014] . The IMF B y modifies the ionospheric convection pattern and leads to a hemispheric asymmetry in the Region 1 (the poleward region) field-aligned currents (FACs). When the IMF B y component is positive, the upward FACs on the dusk side of the SH should be stronger [Fillingim et al., 2005] . Under these conditions, the cross-polar neutral wind flow has been shown to be on average stronger in the SH compared to the NH under negative IMF B z and positive IMF B y conditions [Förster et al., 2011] .
In the case of the St. Patrick's Day storm, the IMF B y was largely positive from~12 to~15 UT, reaching +29 nT at 14:00-14:40 UT. It further turned negative for~40 min and from~17 UT the IMF B y was positive again. From 22:45 UT the IMF B y turned negative and further intensified down to À19 nT at~00:15 UT; it remained negative until the end of the day of 18 March 2015. Considering all the above and the IMF variations during the 17-18 March storm, we conclude that during the main phase of the storm until 22:45 UT stronger effects should occur in the SH, which is partly true for the American sector, where the VTEC was strongly increased in the SH from 17-18 UT. However, this SH effect lasted until~07-08 UT of the next day, which turns out to be unusual and a challenge for further study by both analyzing additional observations and numerical modeling. Unfortunately, to date (September 2015) , no data of the neutral density or electric field measurements are available. Forthcoming releases of new ionospheric and thermospheric data, as well as future modeling results, will shed more light on the occurrence of hemispheric asymmetries during this event. For this moment, our study might be the first multi-instrumental review of the ionospheric effects of the St. Patrick's Day magnetic storm that will undoubtedly attract the attention of the community by its extreme complexity and very interesting ionospheric effects.
Summary
1. We present the first results of the ionospheric storm time effects of the largest storm of the 24th solar cycle up to now. 2. We use data of a whole bundle of simultaneous satellite missions including the recent satellite mission Swarm and various ground-based observational networks to collate a comprehensive global view of the complex storm processes. 3. Despite the fact that the storm occurred at equinox, we observed a hemispheric asymmetry in the ionospheric response. While the asymmetry is usually explained by the seasonally "driven" thermospheric circulation, this particular case shows that other than seasonal factors (may) cause the hemispheric asymmetry. From our analysis, the observed asymmetry was partly due to the composition changes and partly due to the offset between the geographic and magnetic poles, hemispherical differences in geomagnetic field strength, and configuration at high latitudes, and storm time variations of the IMF B y component might possibly be responsible for the provoked asymmetry. 4. We found that in the case of the St. Patrick's Day 2015 storm the most significant storm time changes occurred at low latitudes over the American and Eastern Pacific regions. Careful analysis of our results showed that this particular region was most concerned by the composition changes (increase in the O/N 2 ratio) during the storm development.
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5. The thorough global-scale empirical material of simultaneous observations presented in this study is thought to provide the base for subsequent theoretical and numerical simulation studies of this particular storm event and for a better understanding of the complex coupled storm processes in the geospace environment in general.
